Analytic Strategies for Understanding Host-Associated Microbial Communities
Faster and cheaper DNA sequencing technologies combined with open-access analytic software packages are opening new vistas Justin Kuczynski and Rob Knight H igh-throughput DNA sequencing is revolutionizing how we study microbial communities. In the past decade, DNA sequencing has undergone an impressive increase in efficiency. For example, with traditional Sanger sequencing, obtaining the sequence of an 800-bp DNA segment costs about $5, whereas the comparable cost when using a newer highthroughput machine would be only about $0.000025-a 200,000-fold difference that allows far more creative projects with far more samples.
These cheaper DNA sequencing costs make it feasible to study more diverse microbial communities. Each individual, for example, typically harbors trillions of microbial cells, about 10 times as many as their own human cells. The microbial populations residing at different sites in and on human bodies differ greatly. At a single site, microbial populations vary from one individual to another and, even within the same individual, from one time to another. Furthermore, the core set of microbial species found in an individual contains at most a small proportion of his or her microbiota.
Despite the decreased cost of DNA sequencing, the overall cost of analysis in terms of computing times and salaries offset some of those savings. However, many software packages for analyzing DNA sequence datasets are opensource. Moreover, cloud computing such as Amazon's EC2 costs only a few dollars per analysis, avoiding the need for one's own supercomputer.
Abundant Microbes Interact with Humans or Other Host Species, Affecting Health
DNA sequencing analysis is elucidating how microbial communities and their hosts interact. For example, shifts in the gut microbial community correlate with irritable bowel disease (IBD) in humans. The effects of microbes on their hosts may be much further reaching than previously suspected. For instance, the microbiota associated with Drosophila melanogaster fruit flies appears to influence the flies' mating
Summary
• Cheaper DNA sequencing makes it feasible to study diverse microbial communities and how they interact with their environments, including their hosts.
• The effects of microbes on their hosts appear to be further reaching than previously suspected.
• Researchers analyzing how microbes interact with their hosts use a variety of analytic approaches, with a key assumption being that this information can help us to understand phenotypes and the basis of their functional differences.
• Once DNA sequences from a particular microbial community are determined, the focus shifts to interpreting that information. Sheer numbers of microbes, with so many within those communities being poorly characterized, make it valuable to compare entire communities in standardized ways.
• Someday we may move beyond looking for disease-associated shifts in microbial communities to analyzing microbiome-based disease susceptibilities. For mammals, the microbes occupying the gastrointestinal (GI) tract play a role in obesity, with the microbiome changing in composition as obese individuals lose weight. In mice, for example, implanting the gut microbial community from a fat mouse into a lean mouse leads the latter to become overweight. The gut microbiome also interacts with the genetic makeup of the host mice. For instance, ob/ob mice with a mutation in leptin, a peptide hormone that in its normal form inhibits appetite, are obese in part because the microbial communities within their GI tracts are more efficient at harvesting energy from the food the mice consume.
One major approach to discerning relationships between microbes and hosts depends on sequencing 16S ribosomal RNA genes. Focusing on these specific genes enables microbial ecologists to use them as a common reference, one that is ubiquitous and contains well-defined hypervariable and highly conserved domains. This 16S molecular "barcode" also makes it possible to investigate thousands of samples simultaneously-readily identifying known species while placing novel microbes into their correct phylogenetic contexts.
Depth versus Breadth of Sampling in Metagenomic Studies
Researchers analyzing how microbes interact with their hosts use a variety of analytic approaches, including shotgun metagenomics, in which all the DNA from a sample is fragmented and sequenced, metatranscriptomics, in which all the messenger RNA is treated similarly, metaproteomics, in which proteins are analyzed comprehensively, and metabolomics, where the full range of metabolites is considered. For all of them, the key assumption is that they will help bring scientists closer to understanding various phenotypes and the basis of functional differences. Meanwhile, single-cell approaches-an alternative to studying cell populations-are emerging to provide useful and sometimes complementary insights, especially into function.
Determining 16S sequences provides an excellent approach to investigating microbial communities and their interactions with hosts. But The various habitats of the human body are host not only to representative microbes, but to entire complex communities (represented schematically by the pie charts on the left of the figure). Our understanding of these communities is growing at an unprecedented rate due to recent advances in technology that allow ever more insight at diminished cost.
Knight: From "Chitinous," "Calcareous," and Ferns to Evolution of the Microbiome Rob Knight faced high standards growing up. By age five, for example, the books he read were less likely to be by Dr. Suess than by naturalist Gerald Durrell. In elementary school, his teachers assigned handwriting exercises with sentences such as: "Arthropods have chitinous exoskeletons, whereas those of mollusks are calcareous," rather than "See Spot run." Although he built a strong vocabulary, his handwriting is "still atrocious," he says.
Today, Knight, 34, associate professor at the University of Colorado, Boulder, relies less on handwriting and more on computational techniques in his field of bioinformatics. Members of his lab focus on combining computational and experimental techniques to examine the evolution of genes, proteins, and microbes, and are increasingly interested in interactions in microbial communities and between microbes and their hosts. "Microbes are involved in a wide array of industrial and environmental processes, and we are just now beginning to understand their profound impacts on health and disease," he says. "Better ways of profiling communities and understanding the complex interactions among them will have a profound impact on biotechnology and medicine."
For example, Knight and his collaborators are looking at the role of microbes in obesity, malnutrition, and inflammatory bowel disease. "Our goal is to develop a new kind of personalized medicine based not on the human genome, where we are all essentially the same, but on the human microbiome, where we differ radically from one another, and that is cheap enough to apply even in developing countries" he says. "Additionally, the microbiome is far easier to change than the genome."
Knight grew up in Dunedin, New Zealand, where his parents, formerly immunologists, reside. His father is now a professor of marketing at the University of Otago in Dunedin, and his mother is a lichenologist. One younger brother, also in New Zealand, edits neuropsychology manuscripts and plays in a band, while another lives in Australia and works on geographic information systems.
As a child, Knight spent time not only in New Zealand but also in London, England, and Bethesda, Md. His parents engaged in a lot of outdoor activities, especially hiking and deer hunting. "My grandparents were apparently appalled when my parents described their plans to take me on an extended backpacking trip in the far south of New Zealand at the age of three months," he says. "Not that it deterred them."
At age seven, while climbing rock faces in southern New Zealand, Knight found fern species not previously known to be there, including Leptopteris superba, the Prince of Wales Crown Fern, and Pellea rotunidflora, which has horseshoeshaped, spore-bearing structures on its underside. "It showed the importance of careful observation in understanding biological diversity," he says.
His New Zealand high school biology and chemistry teachers strengthened Knight's love of science. "At the time, I really developed a passion for chemistry-in particular, the aspects associated with blowing things up, such as fuel-oxidizer mixes," he recalls. "In high school, and in my first year of college, I thought I wanted to be a chemical engineer, mistakenly believing that this meant designing interesting molecules, such as cubane, rather than optimizing processes to squeeze out another 0.1% efficiency."
When Knight sought career advice, a college biochemistry professor told him, "'There was absolutely no career future in combining biochemistry with computer science' and that While at Princeton, Knight worked with molecular biologist Lee Silver on something called "the meiotic drive project," which proved a blind alley after another lab performed a knockout of the key gene and found no phenotype, he says. "I therefore switched to Laura Landweber's lab and, drawing on my interest in RNA and evolution, began working on the evolution of the genetic code." It was an important lesson, "realizing that life was not over after my initial grad school project fell apart," he says, while learning that "the important thing is persistence, rather than relying on your first idea working."
Knight has lived in the United States since 1996, and became a permanent resident in 2005. He and his partner, Amanda Birmingham, the bioinformatics manager at Thermo Fisher, have two dogs, and enjoy traveling and hiking. In 2008, they hiked the Inca Trail to Macchu Picchu. Knight also likes visiting places where he can examine archaeological relics or "where the snorkeling and diving are superb," such as Hawaii, Thailand, and Australia. "Between work and vacations, I have flown 100,000-200,000 miles per year, each of the last four years," he says. One might suspect that sequence reads of less than 10% the full length of the 16S gene would be inadequate for identifying microbes in a community. However, because primer location influences are the same for all samples being amplified with the same primer set, comparisons among many samples prove useful.
Marlene Cimons
Although short reads may make it difficult to determine the taxonomy of organisms within a sample, such reads in fact prove to be very descriptive of microbial communities themselves. For example, for widely divergent microbial communities such as those in the gut and on the skin, fewer than 10 short-read 16S sequences can suffice to identify the habitat of an unknown sample. However, because of the large variability of microbial communities associated with even two individual hosts and even between samples from the same individual at different times, the bigger difficulty may be in differentiating groups of microbial communities and identifying the factors common among communities within the same group. For instance, consider the GI microbial communities in two human hosts who consume different diets. When variation within groups is comparable to that between them, we think that it is better to analyze a greater number of samples than to analyze more thoroughly only a few arbitrarily selected communities. However, to answer questions about rare species, or about particular genes and species that differentiate groups of samples, far more extensive sequencing may be required. For example, members of the MetaHIT consortium analyzed millions of sequences per sample before they identified patterns of functional genes in the gut. That European research consortium is studying relationships of the human intestinal microbiota with two principal conditions, inflammatory bowel disease (IBD) and obesity.
Rich Data Can Provide Insights into Microbial Community Functions
Once DNA sequences from a particular microbial community are determined, the focus shifts to interpreting that information. For example, does a particular taxon correlate with an environmental variable such as pH, or is it found more often than expected? Addressing such questions, for example, provided evidence that Bacteroidetes species are present in increased abundance in the GI tracts of lean mice compared to those of obese mice, and that obese humans who lost more weight also gained more Bacteroidetes at the expense of Firmicutes, the other dominant lineage in the gut.
However, the sheer number of microbes in such environments, coupled with those microbes within it so often being only poorly characterized, adds to the value of comparing entire communities. Because each sample of a community counts as a single data point, collecting and organizing many samples in a standardized way proves essential. The Genomic Standards Consortium issued standards, called MIxS, to facilitate collecting and comparing new samples to the rich database describing previously collected samples. Widely used tools for analyzing microbial communities such as QIIME and MG-RAST exploit these standards.
Connecting differences in host-associated microbial communities with differences in the clinical state of individual hosts is critical when interpreting sequence data describing those communities. Clustering and ordination techniques, which relate microbial communities to Combining multiple types of community data can lead to valuable insights. Shown here is a schematic example of procrustes analysis combining community relationships inferred by 16S rRNA and metagenomic date (the degree of overlap between e.g. the blue and red dots represents the agreement between the 16S and metagenomic views of the microbial communities). Also shown is a schematic of the benefits of combining metabolomics and metaproteomics data to observe variations in biochemical pathways.
one another, produce far more interpretable results when the groups correspond to a specific clinical parameter. For instance, whether a baby is delivered vaginally or by C-section very much affects which types of microbes become part of the community that associates with a newborn individual. A variety of factors affect clustering patterns, and in the absence of critical clinical information, it can prove impossible to tell which patterns are meaningful.
There are a variety of techniques used to investigate microbial communities. Alpha diversity refers to what is present in a single microbial community, and such studies have shown that the palms of women's hands harbor more types of bacteria than do the palms of men, and the guts of lean people harbor more types of bacteria than do the guts of obese people.
Beta diversity refers to similarities and differences between communities. There are various measures of differences between communities, and those measures reflect different theoretical and empirical foundations. Resemblance measures can be quantitative, based on abundance of various microbial taxa, or qualitative, based on the presence or absence of taxa. As a class, quantitative measures are frequently more sensitive to subtle differences in microbial communities but can be subject to short-term changes such as the subject's most recent meal rather than clinical states such as whether the subject is obese or lean.
In addition, several resemblance measures leverage insights from phylogenetic trees when assessing members of a community. For instance, our research group developed UniFrac to measure the phylogenetic distance between sets of taxa in a phylogenetic tree as the fraction of the branch length of the tree that leads to descendants from either one environment or the other. It proves useful across a range of environments, taking advantage of information in phylogenetic trees rather than assuming that all taxa are equally related. When combined with useful data describing the clinical states of the hosts, UniFrac helps researchers to reveal relationships among microbial communities.
Because microbial communities differ in myriad ways, it is sometimes desirable not to compare communities on the basis of a particular model or resemblance measure, but to determine empirically any manner in which groups of microbial communities differ from one another-for example, by simply comparing the gut microbiota of patients with specific diseases to those from healthy individuals. We can apply machine learning tools to this problem in "supervised classification," and, indeed, the random forest and other established machine learning techniques are being used to classify microbial communities according to the habitat from which they originate. Extending these techniques to use ecological knowledge such as phylogenetic data has considerable potential, as do models for describing how microbial communities respond to external factors.
Additional challenges arise when comparing different kinds of community data-for example, comparing 16S rRNA-based phylogenetic classifications to those that are based on shotgun metagenomics, or comparing physiological functions based on the analysis of metagenome data to directly measured metabolite profiles. One exciting approach under development involves Procrustes analysis, which provides a statistical means to test whether two clustering sets of samples are indeed related.
Another approach is to use Mantel tests to ask whether the distances between samples by one measure correlate with distances between those same samples by another measure. Heterogeneous datasets can also be mapped onto common objects such as pathways. For example, machine learning might be used to pick out systematic differences between lean and obese individuals in terms of metabolic pathways that are common or rare in the metagenome, and to pick out metabolites that are common or rare, and then to compare these lists at the pathway level. An open question is how to integrate information about host genetics and gene expression into studies of the microbiome. Another active area of research is the use of time series analyses on densely sampled time-course experiments. Cheaper DNA sequencing technologies now make it possible to measure changes in microbial communities at high time resolution, allowing detailed investigations into topics such as the response of the gut microbiome when exposed to antibiotics or during specific stages of development, such as when an infant is weaned.
What Will We Discover When Bacterial Genomes Are Too Cheap To Meter?
and their interactions with hosts. One such insight is the vast variability in those communities across host anatomic sites, between individual hosts, and at different times under different conditions. Much of what we know thus far comes from comparing communities that differ in one or only a few key variables such as a disease or specific host behaviors or habits. However, as analytic technology continues to be developed so rapidly, we will someday move beyond looking for disease-associated shifts in microbial communities to analyzing microbiome-based disease susceptibilities.
We have evidence that transferring microbial communities from one individual to another affects the recipient's health and behavior. However, just as single-molecule techniques provide insights into protein function that cannot be seen in the ensemble, single-cell techniques are likely to provide insights into variations in gene content and gene expression affecting individual members of a population.
Cheaper genome sequencing and highthroughput culturing efforts will allow us to test hypotheses about microbial functions by putting designed communities into germ-free mice and testing their effects. In modeling the behavior of microbial communities, we can also try to predict how the arrival of new microbes affects specific host-associated communities and, from there, design therapies to deal with such clinical situations. The ongoing development of analytic and modeling approaches-many of them, including WATERS, PANGEA, mothur, and QIIME, freely available for researchers to use-will continue to open up new vistas.
